Measuring electric fields from surface contaminants with neutral atoms 



o 
o 

c 

(N 
(N 



O 



C 

O 

i o i 

(N 
> 

(N 
O 
(N 

in 
o 
i> 
o 



X 



J. M. Obrecht*, R. J. Wild, E. A. Cornell* 
JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440, USA 
and Department of Physics, University of Colorado, Boulder, Colorado 80309-0390, USA 

(Dated: February 1, 2008) 

In this paper we demonstrate a technique of utilizing magnetically trapped neutral 87 Rb atoms to 
measure the magnitude and direction of stray electric fields emanating from surface contaminants. 
We apply an alternating external electric field that adds to (or subtracts from) the stray field in such 
a way as to resonantly drive the trapped atoms into a mechanical dipole oscillation. The growth 
rate of the oscillation's amplitude provides information about the magnitude and sign of the stray 
field gradient. Using this measurement technique, we are able to reconstruct the vector electric 
field produced by surface contaminants. In addition, we can accurately measure the electric fields 
generated from adsorbed atoms purposely placed onto the surface and account for their systematic 
effects, which can plague a precision surface-force measurement. We show that baking the substrate 
can reduce the electric fields emanating from adsorbate, and that the mechanism for reduction is 
likely surface diffusion, not desorption. 

PACS numbers: 03.75.Kk, 06.30.Ka, 34.50.Dy, 41.20.Cv 



I. INTRODUCTION 

The advent of cold-atom technology has brought to 
light a significant amount of knowledge of the physical 
world, and has also contributed significantly to tech- 
nology such as time standards and global synchrony. 
Many precision measurements and experimental realiza- 
tions have taken advantage of the extremely slow nature 
of ultracold atoms, which has resulted in such phenom- 
ena as Bose-Einstein condensation (BEC), quantized vor- 
tices, ultracold molecules, and atomic parallels to laser 
optics, to name a few. Recently, the scalability and high 
level of precision of ultracold atomic systems have led 
to an increase in their use as precision tools to mea- 
sure forces and fields at both large [J, H, H, 0, [f| and 
small H, 0, H ©, [H [H E El length scales. 

What makes ultracold atomic systems so attractive for 
precision use is the purity of the actual measurement de- 
vice, the atoms. One may think of a collection of ultra- 
cold atoms as being a large sample of extremely small, 
yet sensitive, devices that connect to the outside world 
through trapping fields and narrow linewidth lasers only, 
with no physical contacts to transfer heat or mechan- 
ical and electrical noise. The sensitivity of the device 
can be tuned by selecting the correct atomic species and 
desired internal electronic state to meet one's specifica- 
tions. An atomic ensemble therefore is a tunable system, 
whose sensitivity (or insensitivity) is well characterized 
and changeable at the microsecond time scale. 

In this paper, we further develop a method of mea- 
suring small electric fields near bulk materials with a 
magnetically trapped BEC of 87 Rb atoms [t| As 
a test of our ability to measure these electric fields, sev- 
eral clouds of ultracold atoms were purposely adsorbed 
onto a surface to generate a sizeable field. By measuring 
the strength of the fields in all three spatial directions, 
we are able to fully account for the resulting systematic 
frequency shifts of mechanical dipole oscillations, such as 



those reported in other experiments 0, [T(| EH , and es- 
timate the dipole moment per atom adsorbed onto the 
surface. In addition, the ability of our magnetic trap to 
translate along the surface of a bulk substrate allows us to 
measure electric fields at various surface locations. From 
these measurements we can fully reconstruct a three- 
dimensional vector plot of the electric fields that emanate 
from the surface, with micron-scale resolution of the field. 
Lastly, we investigate the ability to reduce the strength 
of stray electric fields by diffusing adsorbates across the 
surface with heat. 



II. APPARATUS 

We use a two-chamber vacuum system to prepare our 
cloud of ultracold atoms [l4[ • The atoms are loaded from 
a magneto-optical trap (MOT) and transferred over 40 
cm to our science cell. Differential pumping between 
chambers ensures science cell pressures of < 3 x 10~ n 
torr, almost two orders of magnitude lower than the 
pressure in the MOT chamber. The atoms are then 
further cooled by rf evaporation to form a BEC with 
roughly 5 x 10 5 atoms in an electronic ground state 
\F = I, nip = —1 >. We create the cigar-shaped con- 
densate in a Ioffe-Pritchard magnetic trap with trapping 
frequencies of 230 and 6.4 Hz in the radial and axial di- 
rections, respectively, resulting in Thomas-Fermi radii of 
3.05 and 110 //m. Inside the science cell, a monolithic 
pyrex table holds the substrates that were studied, as 
shown in Fig[TJ The surface used for the majority of 
this experiment was an 870 nm thick layer of yttrium 
that was deposited onto a polished fused silica substrate 
by means of electron-gun vapor deposition. This coat- 
ing technique, as opposed to the use of a bulk piece of 
polished yttrium, ensures a surface free of contamination 
from the polishing process. However, atomic force mi- 
croscope (AFM) scans of the surface revealed structural 
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FIG. 1: (Color online). A schematic end-on view (top) and 
side view (bottom) of our science cell. Above and below 
the pyrex cell are the glass plates, coated with a conductive 
indium-tin-oxide film, which provide the applied electric field. 
The BEC, positioned several microns from the metal-coated 
substrate, sees the oscillating electric field (dashed green ar- 
rows) from the plates and the static electric field (solid blue 
arrows) from the adsorbed atoms. The adatoms are illus- 
trated as a mound of material on the surface, but in reality 
they have no spatial extent along x. 

irregularities with a grain size of ~ 25 nm and a peak- 
to-valley range of ^9 nm. A more detailed description of 
our apparatus, including our surface-distance calibration 
techniques, can be found in [jj. Hoj|. 

III. RESULTS AND DISCUSSION 
A. Electric field detection 

Since the surface ideally emits fairly weak electric 
fields, we create measurable fields by purposely deposit- 
ing ultracold rubidium atoms onto the metal layer, as 
described in [9j. Briefly, a rubidium atom adsorbed onto 
the surface changes its atomic level structure in such a 
way that its valence electron partially resides inside the 
metal. The resulting charge separation (~ lA) effec- 
tively creates a dipole aligned normal to the surface; the 
dipole's strength is related to the electronegativities of 
the involved substances. To minimize this effect for our 
studies of atom-surface interactions, we chose a metal 
with a low work function for our surface 11511. 



Although the motion of neutral atoms is insensitive to 
uniform electric fields, field gradients will create forces 
that cause significant perturbations to the atoms' trap- 
ping potential. Even during ideal operations, it is un- 
avoidable to deposit rubidium atoms onto the surface; 
these atoms produce small, uniform field gradients. Since 
this type of electric field is one of the major systematics 
in precision surface- force experiments [J, Hoi [l3| . pur- 
posely depositing atoms gives us the best tool to account 
for such errors. 

When depositing atoms, we magnetically push low- 
density noncondensed atom clouds with dimensions (~ 
10/im radially) larger than our BEC dimensions into the 
surface. The larger spatial extent of the deposited atoms 
provides more uniform field gradients across the cloud. 
Immediate analysis of the resultant electric field shows 
that significant desorption or diffusion of adatoms at 
room temperature does not occur on timescales of min- 
utes, but rather several days. Atom diffusion and des- 
orption will be discussed further in Sec. IIIIDI 

Our method of measuring electric field gradients, par- 
tially described in [l(| , involves the application of an elec- 
tric field via two conducting plates mounted above and 
below the science cell, as shown in Fig.[T] The plates con- 
sist of a thin layer of transparent indium-tin-oxide (ITO) 
on 1 x 10 x 35 mm 3 glass plates electrically connected to 
leads with a conductive epoxy. The use of ITO allows op- 
tical access to the cell from the vertical direction, which 
is necessary for our laser heating method [131 ], and also 
leaves open the possibility of imaging through the plates. 

Previous studies have shown that an oscillating ex- 
ternal electric field will drive a dipole oscillation of 
trapped neutral atoms if an electric field gradient is 
present [13, E3|. An atom in an external electric field 
experiences an energy shift equal to Ue = — ( a o/2)\E\ 2 , 
where a is the ground state static polarizability, and a 
force F equal to —We- Spurious forces that must be 
measured and accounted for to make claims of accuracy 
in precision surface-force measurements therefore stem 
from field gradients: 

F{t) = ^V\E{t)\\ (1) 

If an external ac electric field is applied at the trap 
frequency u) a , then the system will act as a high-Q res- 
onantly driven oscillator. The electric field from sur- 
face contaminants E* and the applied external field 
E ext (t) = E^ xt cos(aj t)x act in tandem to resonantly 
drive the trapped atoms' motion with a time- varying 
force, 

F(t) = yV(£* + E ext {t)f. (2) 

If one assumes that the applied electric field is much 
greater than the field to be measured (E^ xt » E*) and 

invoking V x E* ~ 0, the total forces on the atoms can 
be written as 

Fi (t) ~ a Q E e x xt cos(co t)d x E* , (3) 
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FIG. 2: (Color online). Data showing the relative position 
of atoms in a resonantly driven mechanical oscillation (closed 
black points) with a fit to the data. The rate of growth of the 
oscillation is directly proportional to the electric-field gradient 
from surface contaminants. The ability to determine the sign 
of the field gradient can be seen when the polarity of the 
applied electric field is switched. This corresponds to the 
open (red) circles, which show a clear 7r-phase change in the 
oscillation. 

for i — x,y,z. The center-of-mass oscillation will then 
resonantly grow, as seen in Fig. [21 as 

qi(t) = hit cos(wi), (4) 

where q\ is the spatial coordinate in the i-direction. The 
amplitude growth rate in the «-direction can then be ex- 
pressed as 

. aoE?*d x E; 

a i = o ' ( 5 ) 

ZmuJo 

where m is the mass of the atom. 

We measure this growth rate by first transferring the 
atoms to an anti-trapped state and letting them expand 
for ~ 5 ms. Two horizontal-imaging beams along y and z 
simultaneously image the atom cloud, which gives us in- 
formation about the center-of-mass position of the atom 
cloud in all three dimensions. Thus, by measuring the 
resulting amplitude growth rate, we have a method to 
measure the gradients of small electric fields which em- 
anate from a surface. Fig. [2] shows the resulting oscilla- 
tion of the resonantly driven atom cloud (filled circles) in 
which the amplitude of the oscillation grows linearly with 
time. As seen in Eq.([ni), this growth rate is proportional 
to the field gradient and becomes much smaller far from 
the surface or over a clean swath of surface, where field 
gradients are small. 

While Stark shifts are only sensitive to the magnitude 
of an electric field, our method can also determine the 
field gradient's direction. When we drive the oscillating 



electric field, the oscillation begins with the field initially 
pointing in a known direction. If the initial field polarity 
is switched, however, the amplitude growth rate changes 
sign. For atoms starting from rest, the absolute value of 
the growth rate remains unchanged, and the phase of the 
driven oscillation shifts by 7T, as shown by the open (red) 
circles in Fig. [2J This dependence on the phase of the 
applied electric field allows us to directly determine the 
direction of the field gradient in the x, y, and z directions 
at every measured point in space and thus to reconstruct 
the vector fields. 

If one assumes that the electric fields go to zero far 
from the surface [E*(x — oo) = 0], then we can ex- 
tract the magnitude and direction of the field by inte- 
grating a functional fit of the electric-field gradient from 
oo — > x. If this process is repeated for various locations 
along the surface (y-direction), we can then map out a 
two-dimensional vector plot of the electric field, as shown 
in Fig. [3] The solid black arrows in (a) and (b) show the 
reconstruction of the vector field following the adsorption 
of ^7xI0 7 atoms onto the yttrium surface (thick blue 
line). The dashed gray arrows in (a) indicate the cal- 
culated electric field from a thin line of dipoles oriented 
along x, extending in and out of the page, whose surface- 
adsorbate density is represented by the pink layer-cake 
structure. 

For a dipole distribution similar in extent to the den- 
sity distribution of the atoms as they were initially de- 
posited, the expected field disagrees significantly with the 
measured field in both direction and magnitude. How- 
ever, if we allow for variability in the number, center 
position, and spatial width a y of the adsorbate pattern, 
we find qualitative and quantitative agreement with an 
electric field produced by a similar number of adsorbates 
to that in (a), but spread more diffusely across the sur- 
face (a v = 26 /im) than the pattern of adsorbates initially 
placed onto the surface. The results of a fitting routine 
are shown in Fig.[3jb), where the more diffuse pattern of 
dipoles used to model the electric field is shown smeared 
across the surface. 



B. Estimating the dipole moment of a single 
adatom 

The precise characterization of the electric field lets 
us determine certain properties of the surface. As men- 
tioned earlier, the adsorption of a rubidium atom onto 
a metal surface creates a surface dipole adsorbate whose 
strength depends upon the work function of the metal 
and the ionization energy of the rubidium atom. Previous 
studies have shown that electric fields from these dipoles 
can be very large on metals, which prompted the use 
of glass for our Casimir-Polder force studies 

BUS- to 

repeat Casimir-Polder experiments over metal surfaces, 
metals with work functions lower than the ionization en- 
ergy of the probe atom would be beneficial to study. By 
carrying out our electric-field studies, we can determine 
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FIG. 3: (Color online). Measurements of the electric-field 
gradients at various positions along the yttrium surface let 
us reconstruct this 2-D vector plot (solid black arrows) of 
the electric field generated by adsorbed rubidium atoms (pink 
layer-cake structure). Analysis was performed in which the 
measured field was fit to the field of (a) a relatively localized 
pattern of dipoles (whose spread in the y-direction is equal to 
the spread of atoms as they are initially deposited) and (b) a 
spatially diffuse pattern of dipoles. The results of the fits are 
shown as dotted (gray) arrows. The layered structure in (a) 
indicates the approximate location, spatial extent and surface 
density of atoms adsorbed onto the surface. The peak surface 
density of adatoms is much less than one monolayer and would 
not form a structure extending from the surface. The height 
of the cake indicates the local surface density of dipoles. The 
axial (z) size of the applied atoms is a few hundred microns. 
Fields measured along this axis were negligibly small and are 
not shown. In this figure, the longest vector represents a field 
of ~19 V/cm. 
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FIG. 4: (Color online), (a) Plot of the measured electric 
field gradient versus number of clouds adsorbed onto an yt- 
trium surface. The linearity breaks down eventually, possi- 
bly because of surface effects such as adatom-adatom inter- 
actions, (b) Measured fractional frequency shift data (closed 
red circles) with the expected fractional frequency shift (open 
circles) obtained by processing the measured data in (a). 
The solid lines (red) in (a) and (b) correspond to linear and 
quadratic fits, respectively, for data in the 0-15 cloud regime. 
These fits illustrate the dependencies of each on the number 
of adsorbates [Eqs.(f5jl and (|10p . respectively]. The number of 
atoms in a single cloud is ~ 1.7 x 10 6 . This data was taken 
at x — 10 /im from the surface. 



the dipole moment of an individual rubidium atom ad- 
sorbed onto yttrium and compare it to those from other 
surfaces. 

To determine the dipole moment of a single adsorbed 
atom, we use a modelling program to match the mea- 
sured field gradient with a calculated field gradient. Our 
model creates a distribution of N surface dipoles oriented 
normal to the surface; the physical parameters of the dis- 
tribution match those of the atom cloud. We then calcu- 
late the resulting fields and field gradients that emanate 
from the surface and compare them with the measured 
values. The only adjustable variable in this model is the 
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dipole moment of one adsorbed atom, which is varied to 
match calculated and measured field gradients. We ne- 
glect to add any surface diffusion process into the mod- 
elling program because the measurements to which we 
compare were made rapidly with respect to surface dif- 
fusion times. 

FigfJJa) shows the measured electric-field gradient ver- 
sus the number of atom clouds adsorbed onto the surface. 
The linearity of the measured field gradient (0-10 clouds) 
allows us to assume that the field generated from one ad- 
sorbed atom is identical to the field generated by one 
cloud of atoms divided by the number of atoms in that 
cloud. From this, we find a relation between the elec- 
tric field gradient and the number of atoms deposited. 
Using the procedure described above, we find that the 
dipole moment per Rb atom adsorbed onto our yttrium 
surface is ~35 Debye [l6[ (corresponding to the valence 
electron residing within the substrate ~ lAfrom the Rb 
center-of-mass, roughly one metallic bond length). We 
also measure a dipole moment of ~3.2 Debye for Rb on 
fused silica, ~5.4 Debye for Rb on a metallic hafnium 
surface, and ~19 Debye for Rb on a metallic lutetium 
surface. 



Accounting for systematic errors from electric 
fields 



With our knowledge of electric fields from surface 
contamination, we can accurately account for frequency 
shifts of dipole oscillations, like those made in [9j, [lfj, [l3j 
that make precision measurements of surface forces. The 
additional forces from surface contaminants perturb the 
trapping potential near the surface in such a way that 
the perturbations result in an unwanted systematic shift 
of the data. To rule out this systematic shift, one may 
carefully measure field gradients from the surface and 
calculate the expected frequency shift as follows: 

Atoms trapped in a quadratic potential will sec pertur- 
bations to the trapping frequency that are proportional 
to the curvature of the perturbing potential, 



A lx 



-9 2 x Ue 
2mujQ 



(6) 



where ^ x is the change in trap frequency in the re- 
direction, normalized to the unperturbed trap frequency 



lx = 1 



(7) 



We can define A'jx as the contribution to the fractional 
frequency shift due to the additional surface adsorbates, 
U E = ~{a /2)\E*\ 2 . Eq.© then becomes 



A<y x 



2moj 2 ^—^ 



((d x E*f+E*dlE*). 



(8) 



If we choose a convenient fitting form of the electric 
field that approximates the field generated by electro- 
static patches, points, and lines for a restricted range of 



E* = C lX - 



Eq.© then becomes, 



2 a ,-2(p, + l)_ 



(9) 



(10) 



We can then extract Ci and pi from measurements of the 
amplitude growth rate di at various displacements from 
the surface. The Ci coefficients can then be written as 



Ci 



2mu>idi 
ot E% xt p l 



(11) 



where u>i, the frequency of the applied electric field, is 
chosen to be the trap frequency in the «-direction. 

As shown in Fig. [D(a) , the measured electric field gra- 
dient increased linearly with the number of adsorbed 
atoms. If we assume that the power-law dependence of 
the electric field does not change significantly with the 
number of applied atoms, we can then deduce that the 
coefficient Cj is proportional to number of applied atoms. 
This implies, from Eq. (|10|) . that the trap frequency a 
fixed distance from the surface will vary quadratically 
with the number of adsorbates as well, since it is propor- 
tional to Cf. FigfJJb) shows data verifying that indeed 
the fractional change in trap frequency from the adsor- 
bates A^ x varies quadratically with the number of ad- 
sorbed atoms. The open circles in (b) show the results 
of the above analysis on the data in (a) and agree well 
with measured values. 

With these calculations in hand, we can accurately pre- 
dict the systematic fractional frequency shift by directly 
measuring the electric field gradient. The results in Fig. [5] 
show the fractional frequency shift as a function of dis- 
tance to the surface for two separate locations on the 
surface. The open triangles were taken over a clean area, 
where we measured a negligible electric field; the filled 
circles were taken over a surface location in which we 
purposely adsorbed ~ 7 x 10 7 atoms. The solid black line 
represents the theoretical fractional frequency shift pre- 
dicted by Eq.flTUJ), corresponding to measurements made 
of the electric field emanating from that surface loca- 
tion. The agreement between data and theory illustrates 
that we can accurately account for frequency shifts from 
electric fields. For the purpose of characterizing system- 
atic errors to surface-force measurements, our method of 
characterizing the surface quality of the patch of surface 
in which small force measurements are made is more di- 
rectly relevant than canonical surface-science techniques 
that involve AFM and scanning electron-microscope sur- 
face imagery. 
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FIG. 5: (Color online), (a) The measured fractional frequency 
shift for two separate surface locations. The filled circles are 
data taken directly over 7 x 10 7 adsorbed atoms, and the 
solid black line is the shift predicted from electric-field mea- 
surements. The dashed gray lines represent error bounds ob- 
tained from field-gradient measurements. The open triangles 
are data taken over a 'clean' surface location (no adatoms) 
where the electric-field correction is consistent with zero (solid 
red line in (b)). The correction to data taken over a clean 
spot is frequently small enough to exhibit a two-component 
power law dependence for which the correction may, in fact, 
be slightly negative. The expected Casimir-Polder shift is 
shown with a green dotted line. 
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FIG. 6: (Color online) Decay time of the stray electric field 
as a function of temperature for a fused silica substrate (open 
triangles) and an yttrium surface (blue filled circles). 



taminants to redistribute themselves across the surface 
or to desorb entirely. The temperature of the metallic 
surface is calibrated versus the power of the heating laser 
using the same methods as in [13j [ . This technique should 
not be confused with light-induced atomic desorption, in 
which adatoms absorb ultraviolet light and desorb from 
the surface; in our case, no laser light directly impinges 
on the adatoms or on the surface to which they are at- 
tached. 

The exponential decay time of an electric field emanat- 
ing from the surface can come from either a desorption 
process, in which the adatoms escape from the surface- 
binding potential, or a diffusion process, in which the 
atoms overcome a smaller hopping energy and hop from 
site to site, redistributing themselves across the surface. 
The time scale r for desorption and diffusion events to 
take place is characterized by the temperature of the sur- 
face T, the energy of activation Ea , and an attempt rate 
7o that depends upon the surface process, 



_ ^l p E A /kT 



-CO = io'z 



(12) 



D. Diffusing adsorbates with heat 

Apart from characterizing the atoms on a surface 
and their resulting electric fields, one might also like to 
demonstrate a way to lessen the strength of the electric 
fields and their undesirable effects. We achieve this by 
applying heat to our substrate via a high-power laser. 
The back surface of the fused silica substrate is coated 
with a ~ 100/im thick layer of graphite, which is opaque 
to an infrared heating laser (A = 860 nm). Heating the 
surface provides enough thermal energy for surface con- 



The results of this and a similar study over a fused sil- 
ica surface can be seen in Fig. [5J The similar fits to 
the data suggest that rubidium has similar activation 
energies on fused silica and yttrium (Ea ~ 0.42 eV on 
each) and also reveal j to be approximately 15-25 s _1 . 
This measured attempt rate is ~10 orders of magnitude 
smaller than what one would expect for a desorption pro- 
cess and seems more characteristic of a surface diffusion 
process that results from numerous random- walk hops. 
Fig. [5] also shows that it is indeed possible to lessen the 
undesired systematic effects of electric fields on surfaces 
by baking. 
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IV. CONCLUSION 

We have elaborated on a technique that uses mag- 
netically trapped neutral atoms as a tool for measur- 
ing small electric-field gradients and their effects. We 
use trapped atoms in a high-Q, driven harmonic oscil- 
lator for our measurements, such that small gradients 
on the order of ~300 nV//xm 2 are measurable. Our tech- 
nique allows us to reconstruct the full electric vector field 
from surface contaminants. Using our techniques, we are 
able to analyze and account for systematic errors in pre- 
cision surface-force measurements that use mechanical 
dipole oscillations to measure small surface forces. Elec- 



tric fields were also shown to decay significantly when 
heat was applied to the substrate. This baking technique 
aided in removing unwanted systematic effects associated 
with surface contaminants. 
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